The refractive optical design of the James Webb Space Telescope (JWST) Near Infrared Camera (NIRCam) uses three infrared materials in its lenses: LiF, BaF 2 , and ZnSe. In order to provide the instrument's optical designers with accurate, heretofore unavailable data for absolute refractive index based on actual cryogenic measurements, two prismatic samples of each material were measured using the cryogenic, high accuracy, refraction measuring system (CHARMS) at NASA's Goddard Space Flight Center (GSFC), densely covering the temperature range from 15 to 320 K and wavelength range from 0.4 to 5.6 microns. Data reduction methods are discussed and graphical and tabulated data for absolute refractive index, dispersion, and thermo-optic coefficient for these three materials are presented for selected wavelengths and temperatures along with estimates of index uncertainty. Coefficients for temperature-dependent Sellmeier fits of measured index are also presented with an example of their usage to predict absolute index at any wavelength or temperature within the applicable range of those parameters.
INTRODUCTION
The Near Infrared Camera (NIRCam) is not only the primary science camera for the James Webb Space Telescope (JWST), it is also the observatory's wavefront sensor. The camera is designed to function at a nominal operating temperature of 37 K. It contains two essentially identical imaging channels which are fed by a dichroic beamsplitter, which separates incoming light from the JWST optical telescope into two wavelength bands from 0.6 to 2.3 µm and from 2.3 to 5 µm. Each channel contains two triplet lenses (a collimating lens group and a camera lens group) consisting of three different materials -lithium fluoride (LiF), barium fluoride (BaF 2 ), and zinc selenide (ZnSe) -which re-image the focal surface of the telescope through spectral bandpass filters to the channel's HgCdTe image sensor. Each channel's design wavefront error is specified to be less than or equal to 69 nm rms. This places stringent requirements on knowledge of the absolute refractive indices of the camera's lens materials at the operating temperature. The requirement on knowledge of refractive index at 37 K for each material is of the order of +/-0.0001.
Historically, few accurate refractive index measurements of infrared materials have been made at cryogenic temperatures. This has hampered the developments of many cryogenic infrared instruments, including the Infrared Array Camera (IRAC) for NASA's Spitzer Space Telescope, for which, for design purposes, index values for its lens materials were extrapolated from literature values both in wavelength and in temperature. Such an approach leads to integration cycles which are far longer than anticipated, where best instrument performance is achieved by trial and error in many time-consuming and expensive iterations of instrument optical alignment.
The Cryogenic High Accuracy Refraction Measuring System (CHARMS) has been recently developed at GSFC to make such measurements in the absolute sense (in vacuum) down to temperatures as low as 15 K with unsurpassed accuracy using the method of minimum deviation refractometry. 1, 2, 3 For low index materials with only modest dispersion such as synthetic fused silica, CHARMS can measure absolute index with an uncertainty in the sixth decimal place of index. For materials with higher indices and high dispersion such as CVD ZnSe, CHARMS can measure absolute index with an uncertainty of about 1 part in the fourth decimal place of index. Measurement methods used and recent facility improvements are discussed in a companion paper. 4 
TEST SPECIMENS
Prism pairs purchased for this study were fabricated from one boule of each respective material. Therefore, this study is not primarily an interspecimen variability study for specimens from different material suppliers or from different lots of material from a given supplier. Study of such variability is planned in future efforts.
One prism of each material is shown in the photo in Figure 1 . The apex angle of the prism for each material is designed so that the beam deviation angle for the highest index in the material's transparent range will equal the largest accessible deviation angle of the refractometer, 60°. In the figure, the prisms are illuminated with collimated white light. The ZnSe prism on the left, whose wavelength cutoff is in the mid-visible, can be seen to deviate light through a much larger angle than do the LiF and BaF 2 prisms whose wavelength cutoffs are deep in the far ultraviolet, where the refractometer will have spectral coverage in the future. Common prism dimensions are refracting face length and height of 38.1 mm and 28.6 mm, respectively. Nominal apex angles of these prisms are: ZnSe -29.0°; BaF 2 -52.0°; and LiF -60.0°. Figure 1 -Representative prismatic specimens studied: (L-to-R: ZnSe, BaF 2 , and LiF). The prisms (which rest on the surface of a flat mirror) are illuminated near minimum deviation with a collimated beam of white light coming from the lower left corner of the photo. The dispersion of ZnSe in the visible is high enough that a clearly color-gradated spectrum can be viewed on a screen -even without a re-imaging lens -down to the material's short wavelength cutoff at about 0.53 microns (blue-green) (upper left corner of photo). The beams through the BaF 2 and LiF prisms pass through a large lens which forms re-imaged, full spectra of the light source on the screen (upper right corner of photo). The ground, non-refracting face of each prism is labeled with identifying information.
REFRACTOMETER CALIBRATION AND TREATMENT OF MEASURED INDEX DATA
By way of refractometer calibration, it was incumbent on us to at least demonstrate index accuracy at room temperature to the level of our estimated uncertainty for a material for which some trusted, pre-existing truth was available. To that end, we measured the absolute refractive index of synthetic fused silica and compared those results to the well-known dispersion law of Malitson 5 . Our estimated uncertainty for fused silica is about 1-1.5 x 10 -5 at room temperature. After adjusting Malitson's values by the index of air (in which his measurements were performed), our measured indices typically agreed with Malitson's dispersion law to within 8 x 10 -6 over the wavelength range of applicability of that law.
We use a computer program we call the CHARMS Data Cruncher (CDC) to examine raw data from the refractometer and reduce it to the point where resulting measured index values can be fit to Sellmeier equations. During CDC runs, measured index values for each wavelength are fit piecewise to second order polynomials in temperature above and below some selected crossover temperature, T, to get in-process assessments of data quality. These high quality quadratic fits are of the form n(T) = c 2 T 2 + c 1 T + c 0 and apply to temperatures above what we call the saturation temperature which is that temperature below which we can no longer definitively sense a change in index. We call the saturation value of index that index which we measure at and below the saturation temperature. All materials we have studied exhibit a saturation temperature, except for possibly ZnSe. To date, our determination of the saturation temperatures for BaF 2 , LiF, ZnSe, and fused silica are about 50 K, 65 K, 20 K, and 32 K, respectively.
In order to compute spectral dispersion, first a table of index values is computed on a regular wavelength/temperature grid from the piecewise quadratic fits described above. From that table, a new table of spectral dispersion, dn/dλ, is computed by dividing differences in index value, n, by corresponding differences in wavelength, λ, for each temperature. Thermo-optic coefficient, dn/dT, is simply the first derivative of n(T) with respect to T or dn(T)/dT = 2 c 2 T + c 1 . CDC produces a table of thermo-optic coefficients on the same regular wavelength and temperature grid described above.
Finally, CDC produces a table of estimated index errors for different wavelength and temperature combinations. A partial index error dn is computed for each of four factors (based on presumably known uncertainties in those factors), and the four resulting dn's are combined in quadrature to produce a net index error estimate. The four partial dn's are computed using: 1) uncertainty in calibrated wavelength, dλ, along with computed dn/dλ; 2) uncertainty in measured temperature, dT, along with computed dn/dT; 3) uncertainty in measured apex angle, dα, along with analytically derived dn/dα; and 4) uncertainty in measured beam deviation angle, dδ, along with analytically derived dn/dδ. Subsequently, raw measured indices for each material are fit to a Sellmeier model of the form:
where S i are the strengths of the resonance features in the material at wavelengths λ i . When dealing with a wavelength interval between wavelengths of physical resonances in the material, the summation may be approximated by only a few terms, m -typically three. 6 In such an approximation, resonance strengths S i and wavelengths λ i no longer have direct physical significance but are rather parameters used to generate an adequately accurate fit to empirical data. If these parameters are assumed to be functions of T, one can generate a temperature-dependent Sellmeier model for n(λ,T).
Historically, this modeling approach has been employed with significant success for a variety of materials despite a rather serious sparsity of available index measurements -to cover a wide range of temperatures and wavelengths -upon which to base a model. One solution to the shortcoming of lack of measured index data has been to appeal to room temperature refractive index data at several wavelengths to anchor the model and then to extrapolate index values for other temperatures using accurate measurements of the thermo-optic coefficient dn/dT at those temperatures, which are much easier to make than accurate measurements of the index itself at exotic temperatures. 6 So, for purposes of NIRCam's lens designs, historical index models, which are based on dn/dT measurements made at temperatures only as low as 93 K, are inherently limited in applicability at NIRCam's operating temperature of 37 K. Indeed, those models do not predict the existence of a relevant saturation index which at least two of NIRCam's lens materials possess.
Meanwhile, with CHARMS, we have made direct measurements of index densely sampled over a wide range of wavelengths and temperatures to produce a model with residuals on the order of the uncertainties in our raw index measurements. For our models, we have found that 4th order temperature dependences in all three terms in each of S i and λ i work adequately well, as also found previously in the literature. The Sellmeier equation consequently becomes:
As an example of how to apply the Sellmeier coefficients to compute index of a material at a particular wavelength and temperature, suppose we desire to obtain the absolute refractive index of BaF 2 at a wavelength of 1.0 µm and at a temperature of 77 K.
Using the coefficients in Table 5 and so, These Sellmeier models are our best statistical representation of the measured data over the complete measured ranges of wavelength and temperature. Depending on the sample material measured, the residuals of the measured values compared to the fits can be as low as several parts in the sixth decimal place of index. This level of fit quality for data obtained using CHARMS generally pertains to low index materials with moderately low dispersion such as fused silica, LiF, and BaF 2 . For high index materials with high dispersion such as ZnSe, residuals are higher at a few parts in the fifth decimal place of index. Table 1 lists a handful of calculated values for the three NIRCam lens materials. 
REFRACTIVE INDICES FOR NIRCAM LENS MATERIALS

Barium Fluoride (BaF 2 )
Absolute refractive indices of BaF 2 were measured over the 0.45 to 5.6 microns wavelength range and over the temperature range from 21 to 300 K for two test specimens which yielded equal indices to within our measurement uncertainty of +/-1.5 x 10 -5 . Indices are tabulated in Table 2 , plotted in Figure 2 for selected temperatures and wavelengths. Spectral dispersion is tabulated in Table 3 , plotted in Figure 3 . Thermo-optic coefficient is tabulated in Table 4 , plotted in Figure 4 . Coefficients for the three term Sellmeier model with 4 th order temperature dependence are given in Table 5 . We compared our Sellmeier model of BaF 2 at room temperature to the index measured by Malitson 7 in air multiplied by the index of air (assumed to be a constant equal to 1.00027). Our model agrees with Malitson's model at room temperature to within ~1 x 10 -5 at all wavelengths. This is actually somewhat astounding in that those measurements were performed on a sample of BaF 2 made at least 40 years ago. Table 2 -absolute refractive index (n) for BaF 2 at selected wavelengths and temperatures Figure 2 -absolute refractive index (n) for BaF 2 at selected wavelengths and temperatures 
Lithium Fluoride (LiF)
Absolute refractive indices of LiF were measured over the 0.40 to 5.6 microns wavelength range and over a range of temperatures from 20 to 306 K for two test specimens which, as with BaF 2, yielded equal indices to within our measurement uncertainty of +/-2 x 10 -5 . Indices are tabulated in Table 6 , plotted in Figure 5 for selected temperatures and wavelengths. Spectral dispersion is tabulated in Table 7 , plotted in Figure 6 . Thermo-optic coefficient is tabulated in Table 8 , plotted in Figure 7 . Coefficients for the three term Sellmeier model with 4 th order temperature dependence are given in Table 9 . We compared our Sellmeier model of LiF at room temperature to the index model of Tropf 6 based on measurements in air by Tilton and 39305 1.39304 1.39303 1.39302 1.39300 1.39296 1.39285 1.39261 1.39201 1.39130 1.39090 1.39056 1.39047  0.80 microns 1.39185 1.39184 1.39184 1.39182 1.39180 1.39176 1.39164 1.39140 1.39081 1.39009 1.38969 1.38935 1.38926  0.90 microns 1.39087 1.39087 1.39086 1.39085 1.39082 1.39078 1.39067 1.39042 1.38983 1.38911 1.38871 1.38836 1.38827  1.00 microns 1.39001 1.39000 1.39000 1.38999 1.38996 1.38992 1.38981 1.38957 1.38897 1.38825 1.38785 1.38750 1.38742  1.20 microns 1.38845 1.38844 1.38842 1.38841 1.38837 1.38833 1.38821 1.38795 1.38736 1.38666 1.38628 1.38595 1.38586  1.50 microns 1.38608 1.38607 1.38606 1.38604 1.38600 1.38596 1.38584 1.38559 1.38500 1.38431 1.38392 1.38360 1 Table 6 -absolute refractive index (n) for LiF at selected wavelengths and temperatures Table 7 -spectral dispersion (dn/dλ) in LiF at selected wavelengths and temperatures in units of 1/microns 83E-07 -1.22E-06 -1.76E-06 -2.30E-06 -3.37E-06 -4.45E-06 -6.60E-06 -1.04E-05 -1.32E-05 -1.54E-05 -1.66E-05 -1.75E-05 -1.77E-05  0.80 microns -6.53E-07 -1.20E-06 -1.75E-06 -2.31E-06 -3.41E-06 -4.51E-06 -6.71E-06 -1.05E-05 -1.32E-05 -1.55E-05 -1.66E-05 -1.75E-05 -1.78E-05  0.90 microns -5.19E-07 -1.09E-06 -1.66E-06 -2.23E-06 -3.37E-06 -4.51E-06 -6.80E-06 -1.05E-05 -1.32E-05 -1.56E-05 -1.68E-05 -1.77E-05 -1.80E-05  1.00 microns -8.20E-07 -1.34E-06 -1.86E-06 -2.38E-06 -3.42E-06 -4.46E-06 -6.54E-06 -1.04E-05 -1.33E-05 -1.55E-05 -1.66E-05 -1.75E-05 -1.77E-05  1.20 microns -1.79E-06 -2.26E-06 -2.73E-06 -3.21E-06 -4.15E-06 -5.10E-06 -6.99E-06 -1.03E-05 -1.29E-05 -1.50E-05 -1.60E-05 -1.69E-05 -1.71E-05  1.50 microns -1.96E-06 -2.41E-06 -2.86E-06 -3.32E-06 -4.22E-06 -5.13E-06 -6.94E-06 -1.03E-05 -1.29E-05 -1.49E-05 -1.59E-05 -1.67E-05 -1.69E-05 2.00 microns -1.89E-06 -2.33E-06 -2.77E-06 -3.21E-06 -4.08E-06 -4.96E-06 -6.72E-06 -1.00E-05 -1.27E-05 -1.47E-05 -1.57E-05 -1.65E-05 -1.67E-05 2.50 microns -1.80E-06 -2.23E-06 -2.65E-06 -3.08E-06 -3.93E-06 -4.79E-06 -6.50E-06 -9.70E-06 -1.23E-05 -1.43E-05 -1.52E-05 -1.60E-05 -1.62E-05 3.00 microns -1.59E-06 -2.03E-06 -2.47E-06 -2.92E-06 -3.80E-06 -4.68E-06 -6.45E-06 -9.38E-06 -1.17E-05 -1.37E-05 -1.47E-05 -1.55E-05 -1.57E-05 3.50 microns -1.45E-06 -1.86E-06 -2.27E-06 -2.68E-06 -3.50E-06 -4.32E-06 -5.96E-06 -8.85E-06 -1.12E-05 -1.31E-05 -1.40E-05 -1.48E-05 -1.49E-05 4.00 microns -1.34E-06 -1.73E-06 -2.12E-06 -2.52E-06 -3.30E-06 -4.09E-06 -5.66E-06 -8.38E-06 -1.05E-05 -1.23E-05 -1.31E-05 -1.38E-05 -1.40E-05 4.50 microns -1.51E-06 -1.85E-06 -2.18E-06 -2.52E-06 -3.19E-06 -3.86E-06 -5.20E-06 -7.70E-06 -9.74E-06 -1.13E-05 -1.21E-05 -1.27E-05 -1.28E-05 5.00 microns -7.76E-07 -1.14E-06 -1.51E-06 -1.88E-06 -2.61E-06 -3.35E-06 -4.81E-06 -7.35E-06 -8.95E-06 -1.02E-05 -1.08E-05 -1.14E-05 -1.15E-05 5.50 microns -3.12E-07 -7.13E-07 -1.11E-06 -1.51E-06 -2.32E-06 -3.12E-06 -4.72E-06 -7.46E-06 -8.32E-06 -8.85E-06 -9.11E-06 -9.32E-06 -9.38E-06 Table 8 -thermo-optic coefficient (dn/dT) of LiF at selected wavelengths and temperatures in units of 1/K Figure 7 -thermo-optic coefficient (dn/dT) of LiF at selected temperatures in units of 1/K 
Zinc Selenide (ZnSe)
Absolute refractive indices of ZnSe were measured over the 0.53 to 5.6 microns wavelength range and over the temperature range from 20 to 310 K for two test specimens which, again , yielded equal indices to within our measurement uncertainty of +/-1 x 10 -4 . Indices are tabulated in Table 10 , plotted in Figure 8 for selected temperatures and wavelengths. Spectral dispersion is tabulated in Table 11 , plotted in Figure 9 . Thermo-optic coefficient is tabulated Table 12 , plotted in Figure 10 . Coefficients for the three term Sellmeier model with 4 th order temperature dependence are given in Table 13 . We compared our Sellmeier model of ZnSe at room temperature to the index model of Tropf 6 based on measurements in air by Feldman, et al. 9 in 1979 multiplied by the index of air. Our model agrees with Tropf's model for ZnSe at room temperature to within +3 x 10 -5 / -5 x 10 -5 at all wavelengths. Estimated uncertainty of the measurements used in the Tropf model was +/-4 x 10 -4 . 
CONCLUSION
Using CHARMS, we have directly measured with unprecedented accuracy the absolute refractive indices of the three infrared materials to be used in the lenses for JWST's NIRCam, from the mid-visible to the mid-infrared, and from room temperature down to as low as 15 K. Good agreement with previous room temperature studies of these materials was demonstrated. The cryogenic temperature at which refractive index stops changing, which we call the saturation temperature, for these materials has been identified. Spectral dispersion appears to be a very weak function of temperature.
Similar measurements of other infrared optical materials, most notably modern synthetic fused silica, are currently underway. Other materials which we will study for NIRCam include Si, ZnS, Ge, and CaF 2 .
